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INTRODUCTION 
The problems Involved with seed and grain storage have 
been of interest for a long time. The major effort has been 
made to obtain solutions to those problems which were of eco­
nomic importance. 
Respiration studies generally have utilized seeds with 
moisture levels at and above those deemed safe for commercial 
grain storage. The research was carried out to determine how 
various environmental factors affected the respiration rate, 
the growth of microorganisms associated with the grain, and 
how these combined factors acted to shorten or lengthen stor­
age life. When seeds of low moisture were placed in storage 
it was primarily for the purpose of maintaining live germ 
plasm for the longest possible time. The seeds were exposed 
to different environmental conditions in an effort to deter­
mine what factors were important in the maintenance of viabil­
ity, Little or no attempt was made to characterize the ef­
fects of atmosphere, temperature, time, and changing levels of 
CO2 and O2 on the respiration rate, or to determine if the 
seeds respired at all at the lower moisture levels. Where 
respiration rates and changes in the storage atmosphere were 
determined after long storage times, no attempt was made to 
follow accurately the change in rate with time. 
As with respiration studies, little work has been done on 
metabolic changes in stored dïy seeds as normal ageing and 
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deterioration took place. Most of the biochemical evaluations . 
of the changes associated with seed deterioration were made on 
grain at or above normal storage moistures. These changes 
have generally been attributed to fungi rather than to the 
normal processes occurring as seeds deteriorate. 
The objectives of the present research were to character 
Ize some of the physiological responses of maize grain stored 
at moisture contents ranging from 1 to 13^* We have attempted 
to determine if seeds stored with low moisture contents showed 
measurable respiration rates. Assuming that respiration 
occurred, experiments were set up to determine if seeds respond 
to decreasing seed moisture, increasing CO2 and varying oxygen 
levels, as they do at higher moistures. The effects of drying 
grain to low moisture levels and of storing at high oxygen 
percentages have been studied. An attempt was made to deter­
mine the amount of CO2 produced by seed-bome fungi and by 
auto-oxidation processes. Studies were also made on some of 
the biochemical changes occurring as a result of ageing. 
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BEVIEW OP LITEHATUBE 
Effects of Moisture on Seed Respiration 
Much of the literature covering seed respiration has 
indicated that intraseed moisture is most important in seed 
storage and deterioration due to its effects in increasing 
seed respiration rates and influencing the growth of external 
and internal seed-borne microorganisms. Milner and Geddes 
(58) have reviewed the effects of various agents, including 
moisture and fungi, on seed respiration and deterioration. 
The respiration rate, as measured by COg evolution, has been 
shown to increase exponentially with increasing moisture for 
seeds of rye, barley, and flax (1), cotton (42), corn (67), 
and soybeans (68). Bakke and Noecker (5) have also reported 
a general rise in O2 consumption for oats with Increasing 
moisture content. Much of the CO2 evolved by seed at moisture 
contents above 14^ has been attributed to fungal respiration. 
Durbln and Christensen (24) recognized the problem of separat­
ing seed respiration from fungal respiration at 15-l6^ mois­
ture. Using C^^Og labelled wheat, the C^^Og evolved from the 
seeds was monitored and showed that production Increased con­
siderably after Inoculation of the seed with Aspergillus 
restrlctus spores, Oxley and Jones (63), in a study of the 
respiration of wheat at moistures in the range of 15^» report­
ed little change in the respiration rate with the embryo axis 
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removed. The pericarp was observed to contain fungal mycella 
and their removal by abrasion reduced the respiration rate to 
of the original, Mayer and Poljakoff-Mayber (55) state 
that It is almost impossible to measure oxygen uptake or CO2 
evolution in dry seeds and that it is more than likely that 
most of the gas exchange measured in dry seeds Is due to con­
taminating microorganisms. Many seed respiration studies have 
been done at lk% moisture and above where the rates consis­
tently increase two or more times for each 1^ moisture increase. 
Mllner et al. (56) observed that the respiration rate of wheat 
accelerated sharply above 14.5# moisture. These workers felt 
the rapid Increase was due to the germination of seed-borne 
fungal spores and Glass et al. (31) found that both CO2 and 
molds Increased rapidly at moistures of 15% and greater. A 
smooth, continuously accelerating rate has been reported for 
mold-free wheat (38), sorghum (15), peas (29), and corn (6?). 
Respiration rate and acceleration of the respiration rate with 
increasing moisture have also been shown to be functions of 
the seed species and variety. Stored forage seeds (14) have 
the lowest reported respiration rates, rye the lowest of the 
cereal grains, while flaxseed respired at a rate more than 
twice those reported for other seeds. The high respiration 
rate of flaxseed was attributed to a greater amount of water 
In the hydrophillc substances at the same moisture percent­
ages, as a result of the high seed oil content. Higher res-
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plration rates have been reported for damaged seeds (2, 3, 15) 
and for immature (62) and mature (6?) corn, depending upon the 
treatment after harvesting, Gane (29), Hagal and Loomls (67), 
and Bamstad and Geddes (68) reported higher respiration rates 
for seeds conditioned to higher moisture levels while Karon 
and Altschul (42) reported no intrinsic differences in the 
respiration of cottonseed conditioned to higher moisture. 
Effects of Environment on Seed Respiration 
Changes in the storage environment do not affect seed 
respiration rates nearly as much as changes in moisture con­
tent. Carr (I3) has reviewed much of the literature concern­
ing environmental effects on plant systems, including seeds. 
Besplratlon of wheat (3) increased slowly with tempera­
ture from 4°C to 25°C, showed a rapid increase to 55°C and 
then dropped off sharply as higher temperatures killed the 
seed. Bailey (2) reported a Q^o of about 1.9 for the tempera­
ture Interval from 27.8-37*8°C for com at moistures of 13-I8# 
and Coleman et 8d. (15) reported a doubling of the respiration 
rate of sorghum grains for the same 10°C interval. Bagai and 
Loomls (67) reported Q]^q values ranging from 1.53 to 3.82 over 
temperature intervals from 8®C to 30°C; however, the Q^q*® for 
a given temperature Interval were not constant over all mois­
tures. 
Kldd (43) found that the rate of anaerobic and aerobic 
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002 production in plant tissues was depressed by CO2 and that 
the degree of depression was proportional to the square root 
of the CO2 concentration over the range from 0 to 50^ at 1 
atmosphere pressure. Several workers have observed a decrease 
in respiration rate as the CO2 concentration increased and 
oxygen decreased, Hyde and Oiley (39) found only 2^ CO2 in 
grain stored 18 months in airtight bins at 14/^ moisture. The 
CO2 increased to near 100# at 22-24# moisture. Similar re­
sults have been presented by others. Larmour et al. (46) and 
others have reported higher rates of respiration for samples 
aspirated with C02-free air and where the container free space 
was large relative to the sample size. Milner et al. (56) 
found that aeration rates which gave interseed CO2 percentages 
smaller than 7 were only slightly inhibitory, with marked 
respiratory inhibition occurring when the CO2 concentration 
reached 12#, 
Denny (21) studied the effect of decreasing O2 content on 
the respiration of tomato fruits and various underground stor­
age tissues. At 15# O2, the respiration of potato tubers and 
the roots of radish, beet, and turnip were depressed about 
Beduction of oxygen from 20.9 to 18# caused no reduction in 
the observed respiration rate. Peterson et al, (64), using 
two series of gas mixtures, examined the influence of O2 and 
CO2 on the respiration rate, mold growth, and deterioration 
of wheat at 18# moisture, Biespiration rate, deterioration and 
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mold growth decreased as the oxygen content was lowered from 
21.0# to 0,2%, Storage with 21% Og and Increasing levels of 
COg had little effect on the respiration rate until the COg 
concentration reached I3.8 to 18.6#, above which respiration 
was markedly Inhibited. Glass ^  al. (3I) and Simpson (72) 
also reported reduced respiration rates for seeds stored In 
nitrogen and Simpson reported higher rates In pure oxygen than 
in air. 
Gas Exchange in Dead Seeds 
Pew results are available on the evolution of COg from 
dead seed, other than where death occurred as a result of un­
favorable storage conditions during the course of an experi­
ment. Mllner and Geddes (57) reported Increases in COg during 
spontaneous heating of soybeans after the thermal death point 
of the seed had been reached. Cultures of the heated seed 
indicated complete fungal sterility. Chlng (l4) found con­
tinued COg production in moist dead seed while oxygen uptake 
had apparently ceased, and suggested that oxygen uptake might 
be a better criterion of seed respiration than COg evolution. 
Milthorpe and fiobertson (59) stated that the logarithm of COg 
output from dead seed plotted against temperatures of 68, 80, 
and lOO^C appeared to be linear. Extrapolation of the line to 
lower temperatures was used to estimate nonrespiratory 00% 
which was found to be 2.5# at 40®C, about 25# at 60°C and 100# 
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above 70°C. 
Deterioration of Seeds 
Crocker and Barton (16) cited a number of possible causes 
of seed deterioration, but favored nuclear degeneration. 
There is evidence that tends to support this assumption but it 
is conflicting, D'Amato and Hoffman-Ostenhof (19) reviewed 
the literature concerning spontaneous mutations in plants. 
Concerning seeds, they concluded: 
The most probable causes for the loss of germinabil-
Ity are either lethal chromosome changes brought 
about by automutagenic substances accumulating dur­
ing seed aging, or a more general poisoning of the 
embryo due to the accumulation of autotoxic sub­
stances, (19, p. 21) 
Moutschen-Dahmen et (6o) and Kronstad et (45) observed 
that chromosomal aberrations and mutations in seeds increased 
under high pressures. Argon and nitrogen gave low but meas­
urable increases while oxygen greatly increased the frequency 
of anaphase bridging and other chromosomal abnormalities. 
Harrison and McLeish (34) observed that seeds sealed in air or 
CO2 deteriorated more slowly than unsealed seed in air. In 
lettuce, the general trend showed increasing frequencies of 
chromosomal aberrations as germinabillty declined. Onion 
showed a low incidence of chromosome abnormalities at all 
germination levels and the production of cytological abnor­
malities was concluded to be a consequence rather than the 
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initial cause of seed deterioration, Vamer (79) has pre­
sented an excellent review of the literature covering bio­
chemical senescence in plant tissues but presented no hypoth­
esis as to the cause of this senescence. 
Considerable work has been done on changes in deteriorat­
ing seeds but much of it has been concerned with seeds at 
relatively high moistures. Increases in fat acidity have been 
found to correlate with storage deterioration but Hummel ^  
al. (38) found no such increases in mold-free wheat even at 
high moistures, and Green (33) found no significant change in 
fat acidity as low-moisture seed was allowed to deteriorate 
at 50°C. It seems probable that much of the"observed increase 
in fat acidity in high-moisture seeds with deterioration is 
the result of fungal rather than seed lipases. Glass and 
Geddes (30) reported increases in the inorganic phosphorus 
content with Increases in seed moisture content and tempera­
ture, Green (33)» on the contrary, found no significant 
change in a number of phosphate fractions with deterioration. 
Changes in sugars, keto-acids, and amino-acids have also been 
reported in deteriorating seeds. Seed metabolite assays often 
have been made on seeds stored at moistures high enough to 
support growth of fungi, so that any change measured would 
tend to be confounded by the action of both seed and fungal 
enzymes. In any event, the changes measured are usually con­
sidered to be the effects rather than the causes of death. 
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Membrane stability, as indicated by steepwater conductiv­
ity, resistance, or optical measurements, generally coincides 
well with germinability and vigor of seeds. Presley (66) re­
ported that the turbidity or conductivity from seeds soaked 
overnight in distilled water was a good indicator of the pre­
disposition of cotton seeds to seedling disease. Pick and 
Hibbard (26) found a progressive increase in solution re­
sistance with viability increase and Helmer et al, (35) showed 
a rather uniform decrease in steepwater resistance in crimson 
clover seed as the percentage emerging from the soil decreased. 
No sharp differentiation was found to exist between seed lots 
of high and low vigor where germination percentages were sim­
ilar. Thomas (75) found steepwater conductivity to be a more 
accurate estimate of the cold-test performance of castor bean 
seed than color intensity produced by leached reducing sugars. 
Siegel (71) found considerably greater quantities of reducing 
and nonreducing sugars in the water used to germinate heat 
Injured bean embryo axes. A highly significant negative cor­
relation between spectrophotometer readings on solids extracted 
from seed and cold-test germination was shown for Zea mays 
(74). Koostra (44) found no correlation between the elec­
trical resistance of com seed steepwater made after 2.5 and 
15 minutes of steeping and any of several methods used to 
evaluate seedling viability and vigor. Hottes and Huelson 
(37) found a low but significant correlation between the 
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optical measurement of leached materials and the germination 
and growth of sweet com seedlings. Conductance of the intact 
seed at 30^ moisture enabled Dexter (22) to differentiate be­
tween living and dead lots of corn and Holaday (36) found that 
electrical capacitance and d.c. resistance of intact corn seed 
were accurate and rapid techniques for assessing damage caused 
by artificial drying. 
Numerous attempts have been made with varying degrees of 
success to utilize changes in enzyme activity as indicators 
of seed deterioration. Efforts to correlate catalase activity 
with seed viability were good in some cases (17, 6I) and poor 
in others (20, 32). Davis (20) first reported that a ratio of 
catalase activity in soaked seeds to dry seeds of greater than 
one indicated high quality seed, and a lower ratio usually 
indicated lower seed vitality. These results were later con­
firmed by Leggatt (4?) and Baldwin (6). Oxidase (17) and 
peroxidase (11, 52) were found to decline in activity with 
germinability but results were generally inconsistent. Mar 
(5^) found no positive correlation between amylase activity 
and germination but French (28) found that the formation of 
amylase in moistened seeds correlated well with germination of 
heat damaged barley. Turesson (77) first reported a correla­
tion between germination and reduction of methylene blue by 
seed enzymes, and reductive enzyme systems are now commonly 
used as indicators of seedling viability (4, 9, 65, and 
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others). Jensen et al. (41) and Throneberry and Smith (76) 
reported a number of dehydrogenase enzymes prepared from com 
were able to reduce tetrazolium, although certain dehydro­
genases were found to be more stable than others as seed 
viability decreased. Burger (12) found no consistent rela­
tionship between glutamic-aspartic transaminase activity and 
germination. Linko (48) suggested glutamic acid decarboxylase 
might be a good index of storage deterioration and later work 
by Linko and Sogn (50) with wheat and Bautista and Linko (8) 
with corn confirmed the suggestion. 
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MATERIALS AND METHODS 
Seed Respiration Procedures 
Changes in the interseed atmosphere due to seed and 
microorganism respiration and autooxidation were followed. 
Seeds were stored at calculated moistures of 14^ and below and 
the effects of the following factors on CO2 evolution were 
evaluated : 
(1) Effect of temperatures of 0°, 15°» 20°, 30° and 50°C 
over the range of moistures. 
(2) Effect of oxygen tension from 0 to 100# over the 
range of moistures and temperatures. 
(3) Effect of time and of changing O2 and CO2 levels. 
(4) Effects of the above factors on the evolution of COg 
and uptake of O2 in dead (non-germlnable) sterile 
seed. 
Erpefiment 1 
Initial measurements were made with a Ealdane-Henderson-
Balley gas analyzer on seed placed in sealed glass tubes for 
storage by Green (33). This and all other corn used was pur­
chased from Clyde Black and Sons Seed Farms, Ames, Iowa. The 
seed was dried in a 50°C vacuum oven to calculated moisture 
levels of 8, 4, 2, and 0#. Twenty gram seed samples were 
placed in storage tubes fabricated from 25 by 200 millimeter 
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test tubes. The tubes were evacuated and CO2 free dry gases 
with O2 percentages of 0, 5t 20, and 100 were introduced into 
the tubes. The tubes were then sealed with a gas-oxygen torch 
and placed in storage at 0°, 20°, and 50°C, 
Experiment 2 
In Experiment 2, seed was dried to moisture percentages 
of 1, 2, 4, 6, 8, and 10 and sealed in CO2 free air. The dead, 
sterile seed for Experiment 2 was obtained by exposing the 
seed to propylene oxide vapor. It was found that for seed of 
greater than 10^ moisture, 48 hours exposure to the vapor was 
sufficient to render the seed non-germinable and sterile. No 
mold or bacterial colonies were obtained from treated seed 
halves plated on peptone-dextrose agar. Seeds were also 
killed and sterilized by heating at 105^C for 1 and 2 hours 
in tightly capped 1 oz bottles. Water driven off by the heat 
treatment was allowed to become reabsorbed by the seed before 
the bottles were opened. 
Gas was removed for analysis after storage by breaking 
off the tip of the tube under mercury and transferring the gas 
via a mercury-filled gas buret to a Bailey sampling bottle. 
The gas was readily transferred from the bottle to the analyzer 
for CO2 and O2 determinations. Tube volumes were determined 
with a mercury-filled manometer system incorporating a buret 
so that the changes in both pressure and volume could be 
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obtained. Prom the pressure and volume changes, the free 
volume of the tube was obtained. The relationship: 
Pi (V + V^) = Pg (V + Vg) , (1) 
was used, where V represents the unknown tube volume, V^, 
Pg, and Vg the measured changes in volume and pressure ob­
tained with the mercury leveling bulb placed at two different 
heights below the initial level. The average respiration rate 
over the storage period was calculated by multiplying the CO2 
concentration by the free volume of the flask to obtain the 
milliliters of gas evolved. The pressure inside the tubes 
varied considerably and pressure differences were not measured. 
For this reason, no attempt was made to correct the values to 
standard temperature and pressure. The results were expressed 
as Jul CO2 per 1000 g dry weight per day at room temperature 
(approximately 25°C) to obtain whole number values. 
Because of the large number of samples required to give 
an accurate estimate of the treatment effects, the Haldane-
Henderson-Bailey analyzer proved too slow, Brenner and 
Gieplinski (10) reported a gas chromatographic method in which 
O2» CO2, and N2 were separated from the same sample. Two 
columns were used and the gas was divided in a fixed ratio be­
tween them. One column was packed with silica gel, for the 
separation of CO2 from the balance of the gas components, and 
the other with a molecular sieve for the separation of oxygen 
from nitrogen. The chromatograph used in our respiratory 
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analyses was a Beckman GC-2A equipped with a dual column sys­
tem by Hitohie (70) for the analysis of CO2, O2, and N2 from 
a single sample of soil air. Column length and carrier gas 
inlet pressures were modified slightly. Separation and quan­
titative determinations of COg, O2» and Ng from the same sample 
were possible in about 3 minutes. The data were recorded on a 
Sargent SH recorder equipped with a Disc Chart Integrator and 
having a chart speed of 1 inch per minute. After injection of 
the sample into the chromâtograph, the stream was split. Part 
of the gas was passed through a 25 inch by 1/4 inch column 
packed with 30 to 60 mesh silica gel and maintained at lOO^G 
for separation of COg. The balance of the gas stream was 
passed through a 4 foot by 1/4 inch column packed with a 30 
to 60 mesh 5 angstrom molecular sieve maintained at room 
temperature. Oxygen and nitrogen were separated and CO2 irre­
versibly adsorbed by the molecular sieve. Argon, which com­
poses about 1% of dry air, is not separated from O2 so a cor­
rection was made for the samples stored in air. The detector 
current was maintained at 350 milllamperes. The inlet pres­
sure gauge was 20 psi, the outlet pressure at atmospheric, and 
the helium carrier gas flow rate was 75 ml per minute. The 
measurement of CO2 was of primary Interest, and it was found 
that the greater sensitivity necessary in later experiments 
was obtained by using a single silica gel column. With the 
single column, the inlet pressure gauge was 7,5 psi, giving a 
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helium carrier gas flow rate of 100 ml per minute. Gas 
samples of 1 to 2 ml were injected into the gas ohromatograph 
with a Hamilton gas syringe equipped with a Chaney adaptor so 
that reproducible sample sizes could be obtained. 
The percentage composition of the gas samples was deter­
mined from the recorder peak height, or the integrated peak 
area times the appropriate attenuation factor. LysyJ (51) 
reported linearity between CO2 concentration and peak height 
up to 20^, and van de Craats (78) showed that the concentra­
tion of N2 and O2 were linear with peak area. These results 
have been confirmed by Ritchie (70). Peak height was used as 
a quantitative index of CO2, and N2 and O2 were determined 
from peak areas. The measured peak height or peak area times 
the attenuation factor was obtained. This value was multi­
plied by the ratio of the CO2 composition of a standard gas 
to peak height or the ratio of the O2 and N2 composition to 
peak area to obtain the percentage composition of the unknown 
gas. 
Experiment 3 
Considerable variation was found between duplicate 
samples of the same treatment. This was attirubted to the 
small (20 g) sample size used and the difficulty in detecting 
pinhole leaks in the glass tubes. Ragai and Loomis (67) ob­
tained reproducible results for a given treatment using 1000 
ml respirometers and large sample sizes. In Experiment 3» 
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their flask was modified as shown in Figure 2 for sampling 
with a gas tight syringe. The top of the flask was flanged 
to allow a No, 8 two-hole rubber stopper to fit recessed in 
the neck. The volume of the flask was determined by weighing 
the stoppered flask with and without water. A density factor 
was determined for corn of a given moisture percentage and 
this was multiplied by the grams of sample to give the seed 
volume. The seed volume was subtracted from the total flask 
volume to yield the free volume of the flask. Seed lots of 
approximately 200 g fresh weight were placed in the storage 
flasks. The seed was dried to calculated moisture levels of 
1» 3» 5» 9» and 1^^, Sufficient maize was available so that 
triplicate 10 g samples were taken for average moisture deter­
minations after drying. Moisture contents as determined by 
drying 48 hours at 105°C were found to be 1.4, 2,4, 4,4, 8,7, 
and 12,6^ on a dry weight basis. The flasks were filled with 
99.98^ N2 (0^ O2), 21,0, and 100^ O2 and stored at 15° and 
30°C. Additional seed lots were sterilized with propylene 
oxide as described previously, and dried to moistures of 2, 9, 
and 14^. Average moisture contents for these lots after dry­
ing were found to be 1.6, 7.8, and 1J,0% on a dry weight 
basis. Atmospheres of 21,0^ O2 were used for 15°C storage 
while all three atmospheres were represented at the 30°C 
storage level. The dead, sterile seed was resterilized in the 
flasks by storing with methyl bromide (DowPume) vapor for 
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about 12 hours. In sealing, the flask openings were closed 
as In Figure 1, A rubber stopper (A) with two capillary tubes 
(B, C) In place was pressed tightly into the opening and mer­
cury was poured over the stopper to form a CO2 tight seal. 
The flask was evacuated through the manometer tube (B) and 
gas (N2, CO2 free air, or O2) was replaced in the flask four 
times through tube (Ç) to assure that the composition of the 
storage gas was at or near that of the tank nitrogen or oxy­
gen. Tube (C) was sealed by placing a plugged section of 
rubber tubing (D) partially filled with mercury over the end 
of the tube and forcing the mercury Into the tube with a 
screw-type pinch clamp (E). A small vial (P) partially filled 
with mercury was attached to the manometer tube with glass 
filament tape, completing the seal. Samples were removed 
from the flask by Inserting the needle of the gas sampling 
syringe (G) through the stopper septum (H). The septum was 
made by boring the stopper nearly through with a 1/2 inch 
drill bit. In sampling the flasks, two 0.5 ml samples were 
removed to flush the syringe and then a 2 ml sample was in­
jected into the chromatograph for analysis. The barometric 
pressure In mm Hg was recorded periodically during analysis. 
The height of the mercury column in millimeters in the manom­
eter tube was then used to determine the Internal pressure of 
the flask. The volume was calculated at standard pressure 
(1 atmosphere) and when multiplied by the CO2 concentration, 
Figure 1. Bespirometer flask (see text for explanation) 
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V 
RESPIROMETER FLASK 
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yielded the amount of CO2 evolved. This was corrected to 
standard temperature (273°K), and the average respiratory 
rate over the days of storage was reported as //I CO2 per 1000 
g dry weight per day. The flasks were analyzed at Intervals 
of 10 to 20 days to determine the change in the average res­
piration rate with time and changing CO2 concentration. 
Deterioration of Seeds 
Analyses of membrane stability 
The maize seed samples used in the initial experiments 
were found in the laboratory. Additional samples of differing 
germination and vigor, which had been used in a four year corn 
storage experiment, were obtained from Dr. Don Grabe of the 
Iowa State University Seed Testing Laboratory. Viability was 
determined by blotter germination after 4 days at 30®C and 
vigor was evaluated from the elongation of the radical at the 
same time. Other experiments utilized samples of a single 
cross (WP9 X Ml4) which had been stored under differing condi­
tions. In this case, germination and shoot elongation meas­
urements were made after 10 days growth in new vermlcullte 
soil conditioner in a growth chamber at a temperature of 30°C. 
Seeds were Immersed in deionized distilled water for dif­
fering time periods at several temperatures, using 8 g of com 
and 35 ml of water in beakers or 2 g of com in 10 ml of water 
in test tubes. All glassware used for the experiments was 
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cleaned in warm potassium dlchromate-concentrated sulfuric 
acid solution and then rinsed in tap and three changes of 
deionized distilled water. The test tubes were kept corked 
and the beakers were stored in covered dishes while the seed 
was soaking. 
Analyses of seed steepwater utilized either gravimetric 
or solution resistance measurements. Gravimetric analyses 
were made after the seed had been steeped for a prescribed 
time by removing the seed and rinsing it with distilled water. 
The rinsings were added to the steepwater which was evaporated 
to dryness at 100°C. The results were reported as milligrams 
of extracted material per gram of seed. Electrical resistance 
measurements were made on the seed steepwater with a model 
RC-16B2 conductivity (Wheatstone) bridge manufactured by In­
dustrial Instruments, Incorporated, Cedar Grove, New Jersey. 
A dip type conductivity cell with a cell constant of one was 
used. The deionized, distilled water used for the resistance 
experiments was allowed to equilibrate with the atmosphere, so 
as to prevent steepwater resistance changes due to atmospheric 
CO2 while the measurements were being made. Before measure­
ments were taken, the containers were swirled vigorously to 
facilitate electrolyte diffusion. All resistance measurements 
were made at 25°C and are reported as ohms resistance per 
gram of seed. 
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Transaminase assay 
A number of enzymes decrease in activity as seeds deteri­
orate. Glutamic acid has "been assigned a central role as an 
amino group acceptor and donor during protein synthesis. Be­
cause of the importance of protein synthesis during germina­
tion, the activities of two glutamic transaminases were 
assayed in seed lots of differing viability and vigor. 
Glutamic-pyruvic (GPT) and glutamic-oxalacetic (GOT) trans­
aminases mediate the reversible transamination of glutamate 
and a-ketoglutarate with an amino or keto acid being the 
product, depending upon the initial substrate. 
Corn root-shoot axes ("embryos") were excised from dry 
seed and the transaminase enzymes extracted, using a modifica­
tion of the technique of Cruickshank and Isherwood (18) for dry 
wheat germ. Briefly, ten "embryos" were crushed in a mortar 
and pestle and the tissue lipids were extracted three times 
in a test tube with 1 ml of acetone. After each extraction, 
the tube was centrifuged briefly to settle the tissue and the 
acetone decanted. The powdered tissue was dried under vacuum 
and then extracted for three hours at room temperature with 
4 ml of distilled water per 10 embryos. In determining the 
amount of tissue maceration required, the results shown in 
Table 1 indicate that some grinding of the tissue was neces­
sary but that longer grinding periods reduced the extractable 
enzyme activity. The enzyme extract was clarified by centrl-
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Table 1. Effect of grinding time on glutamic-pyruvic 
transaminase activity after a 3 hour water 
extraction (averages of two analyses on duplicate 
10 embryo samples) 
Grinding time, /uK pyruvate formed per embryo 
minutes in 30 minutes 
0.0 0.24 
0.25 2.10 
1.0 1.97 
2.0 1.96 
3.0 1.51 
fugation and stored at 5°C until assayed (usually not more 
than 12 hours). 
Enzyme activity was assayed with the colorimetric tech­
nique of Heitman and Frankel (69), the only modification being 
that the enzyme extract was substituted for blood serum. This 
procedure utilizes the differential absorption of an alkaline 
solution of the 2,4-dinitrophenylhydrazones of a-ketoglutar-
ate, oxalacetate, and pyruvate at 505 mmu, with the increase 
in optical density considered to be proportional to the amount 
of pyruvate or oxalacetate formed. Smith and Williams (73) 
reported that the optimum pH and temperature for glutamic-
aspartic and glutamic-alanine transaminase in a number of 
seeds, including corn, were 7.5 and 38-40°C. For the assay 
of GOT or GPT where the keto acid was the product, 1 ml of pH 
7.4 substrate (2 mM in a-ketoglutarate, 200 mM in dl-aspartate 
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or dl-alanine in 0.1 molar phosphate buffer) was pipetted 
into a test tube and placed in a constant temperature bath 
(40°C) for 10 minutes. After addition of 0.2 ml of enzyme 
extract, the tubes were incubated 30 minutes for GPT, 60 min­
utes for GOT, and the reaction stopped by the addition of 1 ml 
of 1 mM, 2,4-dinitrophenylhydrazine in 1 N HCl. After stand­
ing 20 minutes, the color was developed with 10 ml of 0.4 N 
NaOH. The solution absorptivity was read at 505 mmu in a 
Bausch and Lomb Spectronic 20 after 30 minutes at room temper­
ature. Water was used as a blank, A control for each extract 
was prepared as above except that all substrates and reactants 
were added together so no transamination was allowed to take 
place. The values for the control were subtracted from those 
obtained after the prescribed reaction time to determine the 
change in absorption occurring as a result of transamination, 
A standard curve, as shown in Figure 2, was prepared by plot­
ting changes in the ratio of micromoles of pyruvate to a-keto-
glutarate against changes in absorption, and the amount of 
product formed was determined from the curve. Since some 
spontaneous conversion of oxalacetate to pyruvate occurs, 
only a standard curve for pyruvate was prepared and all re­
sults are reported as micromoles of pyruvate formed per 
embryo for a given time period, with no attempt being made to 
relate the results to some defined unit of activity. 
Figure 2. Change in absorption associated with changing concentrations 
of pyruvate and a-ketoglutarate (total 2 /iM) as measured by 
their 2,^-dinitrophenylhydrazones 
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EXPEfilMENTAL RESULTS 
Seed Hesplration Studies 
The results of three respiration experiments are pre­
sented. Experiment 1 consisted of respiration analyses ob­
tained from maize, grain samples sealed in glass tubes for 20 
and 46 months of storage. The results of Experiment 2 were 
obtained with sealed samples set up to determine the effects 
of moisture, surface sterilization, and seed sterilization and 
killing, on CO2 evolution. Experiment 3 was designed to eval­
uate the effects of time, temperature, and gas mixture on CO2 
production by live and dead, sterile seeds, and utilized larger 
samples and respirometers to reduce experimental error. 
Experiment 1 
Data were collected from 20 g samples of maize grain 
stored with about 60 ml of gas in sealed glass tubes. The 
samples were stored at varying moisture levels, ©£ percentages 
of 0, 5» 20, and 100, and temperatures of 0°, 20®, and 50°C. 
The moisture levels used were established by obtaining the 
average moisture content of a large lot of seed. Samples were 
accurately weighed out from this lot and the weight of each 
sample at the desired storage moisture percentage was calcu­
lated. The grain samples were then dried to this calculated 
weight at 50°C in a high vacuum oven. Actual dry weight mois-
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ture contents as determined by drying at 100°C for 48 hours 
did not usually deviate more than 0.5^ from this calculated 
value. Seed moisture contents generally Increased with stor­
age and respiration, and the higher takedown moisture levels 
of Experiment 1 and Experiment 2 were attributed to this 
change. 
The samples stored at 50°C for 20 months germinated less 
than 20 per cent at the lower levels of moisture and oxygen, 
and 0^ at the higher levels. Oxygen percentages as well as 
rates and CO2 percentages were determined to indicate the 
changes occurring with varying oxygen and moisture levels at 
the high temperature. 
The results (Table 2), although not as well replicated as 
later experiments, show that CO2 evolution and O2 uptake in­
creased with Increasing moisture. The average rates (E) for 
this series indicate that Increasing moisture had a small 
effect on the evolution of CO2 at levels of 0, 2, and 4#, 
with the rate increasing about 2 times from 4 to 8#. No 
samples were available for the 8$ moisture level in 100# O2. 
Estimated values for this treatment were obtained with the 
average ratio of the 20 and 100# O2 treatments at 0, 2, and 
4# moisture. When the results for each moisture level were 
averaged over 0, 5» arid 20# O2, and over all four O2 levels 
(Figure 3), the rates approximately doubled with increasing 
seed moisture from 0 to 4# and again from 4 to 8#. 
Figure 3. COg evolution rates of maize grain stored 20 
months at 50°C; rates were averaged over three 
or all four oxygen percentages at each moisture 
level 
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As shown by Figure 4, CO2 production rates, averaged over 
the four moistures at each O2 percentage, increased linearly 
with increasing O2. Changes in the O2 % from 0 to 20 produced 
small increases in CO2; when oxygen was increased from Z0% to 
100^, the percentage of CO2 in the tubes increased about two 
times at the 0, 2, and moisture levels (Table 2). CO2 con­
centrations were higher than those found with storage at lower 
temperatures and, interestingly, the lowest values were ob­
tained with samples which still contained some live seeds. 
Oxygen uptake increased slightly with moisture at the 20^ O2 
level. Other O2 uptake results were variable. 
Germination percentages after 46 months of storage and 
respiration results for the samples stored at 0° and 20°C are 
shown in Tables 3 and 4 and Figures 5» 6, and 7. Germination 
was generally close to after 46 months of storage at all 
levels of moisture and oxygen. Differences between germina­
tion percentages after 20 and 46 months of storage at 20°C 
ranged from 2 to 24^. An average decline of in the germin­
ation percentage occurred with 26 months additional storage 
(from 20 to 46 months). 
Analyses at 20 months were made with the Haldane-Hender-
son-Bailey gas analyzer while those at 46 months were made with 
the gas chromatograph. Because of the different analytic 
methods used and some difference in storage periods, no 
attempt was made to analyze these data statistically; certain. 
Figure 4. CO2 evolution rates of maize grain stored 20 
months at 20°C; rates were averaged over all 
four moisture levels at each oxygen percentage 
35 
320 
(est.) 
280 
"5200 
80 
40 60 20 40 
. PERCENTAGE OF OXYGEN 
80 
{ 
36 
Table 2, Storage gas composition, CO2 production rates, and 
germination percentages of maize grain stored 20 
months at 50°C; results are the averages of two 
replications 
Initial Takedown storage Germin­
moisture. moisture. oxygen, 
% 
ation, 
% % % CO2 O2 
0 4.0 0 2 0.8% 0.1% 42% 
5 10 0.5b 2.7% 35% 
20 10 1.5 14.2 94 
100 0 3.1 85.4 171 
2 5.0 0 6 1.5% 0.1% 73% 
5 14 1.7 2.0 93 
20 10 1.8 13.5 98 
100 0 4.2 85.1 201 
4 6.5 0 6 1.6 0.5 76 
5 24 1.9 6.7 104 
20 4 2.8 12.5 141 
100 0 6.3 86.4 291 
8 10.0 0 0 4.7 0.7 219 
5 0 5.0 8.4 271 
20 0 5.4 9.0 276 
100 — — — — 
= fj.1 C02/kg d wt/day, 
^One replication. 
trends, however, are apparent in them. 
The effect of moisture on the respiration rate was rela­
tively small and varied with the level and the amount of O2 
in the storage atmosphere. As shown in Figures 5 and 6, after 
46 months of storage at 0°C and 20 months of storage at 20°C 
with all levels of Og, the respiration rates were higher at 
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Table 3. Carbon dioxide evolution rates and germination 
percentages for maize grain stored at 0° and 20°C; 
results are the averages of four replications and 
rates are reported as H (yul C02/kg d wt/day) 
Initial Takedown 
moisture, moisture. 
Storage 
oxygen, 
% 
Germin­
ation, 
46 mo, 
storage, 
% 
0°C 
46 mo,® 
20° 
20 mo,b 
G 
46 mo. 
0°C 20°C B a fi 
0 4,0 0 78 87 4,7 14,6° 3.4 
5 76 82 5.7 18,80 6.3 
20 80 83 6.3 23.60 7.4 
100 86 78 7.2 32,1c 10,3 
o
 
CM 
0 92 84 3.4 11,40 4,8 
o
 
CM 
5 88 90 2,7 15.60 6,6 
20 82 81 5.1 17.60 8,4 
100 86 72 5.7 19.60 8,4 
4 6,5 0 88 88 3.8 15.00 5.7 
5 90 90 2,8 20,20 6,4 
• 20 88 81 6,4 14,60 6,3 
100 88 81 5.1 23,00 8,2 
8 10,0 0 90 91 7.7 16.6® 10,6 
5 90 88 7.8 24,0& 12,7 
20 88 92 8,4 34,2d 17.3 
100 87 90 6,4 39.3a 13.7 
Analyses were made with the gas ohromatograph, 
^Analyses were made with the Haldane-Henderson-Bailey 
gas analyzer. 
©Average of two replications. 
&One replication. 
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Table 4. CO2 percentages in the respiremeters after 20 and 
46 months of storage at 0® and 20°C; results are 
the averages of four replications 
Initial 
moisture, 
% 
Takedown 
moisture, 
% 
storage 
oxygen, 0°C 
46 mo.®" 
20°C 
20 mo.b 46 mo.8 
0 4.0 0 0.22 0.28® 0.16 
5 0.27 0.37c 0.30 
20 0.30 O.470 0.35 
100 0.34 0.67c 0.49 
2 5.0 0 0.17 0,25c 0.24 
5 0.13 0.34c 0.32 
20 0.26 0.37c o.4o 
100 0.28 0.470 0.40 
4 6 . 5  0 0.20 0.34c 0.29 
5 0.15 0.46C 0.33 
20 0.31 0.35c 0.32 
100 0.26 O.58C 0.42 
8 10.0 0 0.41 O.38C 0.55 
5 0.41 O.55& 0.63 
20 0.44 0.82d 0.89 
100 0.33 0.98* 0.71 
^Analyses were made with the gas chromatograph. 
^Analyses were made with the Haldane-Henderson-Bailey 
gas analyzer, 
©Average of two replications. 
done replication. 
the 0^ moisture level than at the 7$ level, and in part higher 
than at 4^ moisture. No exponential increase in the rate with 
increasing moisture, as was reported by Bagai and Loomis (67) 
with higher moisture percentages, was observed at any of the 
Average respiration rates of maize grain after 
46 months storage at 0°C, four moistures, and 
four oxygen percentages 
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Figure 6, Average respiration rates of maize grain after 
20 months storage at 20°C, four moistures, and 
four oxygen percentages 
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Figure 7» Average respiration rates of maize grain after 
46 months storage at 20°C, four moistures, and 
four oxygen percentages 
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levels of moisture and oxygen. There were few differences 
assignable to temperature, moisture, or oxygen after 46 months 
of storage. 
Increasing oxygen percentages at the moisture level 
Increased the respiration rate. Other results were variable. 
The effects of temperature on the respiration rates are shown 
In Table 3 and In a comparison of Figures 5 and 7, The res­
piration rates of low moisture maize grain stored for long 
periods of time showed a very limited response to Increasing 
temperature from 0° to 20®C. Q^q values calculated for this 
temperature interval (Table 5) were low, and varied little 
with changes in seed moisture, contrary to what had been re­
ported for maize grain at higher moistures by Bagai and Loomis 
Table 5. Temperature coefficients (Qiq) calculated for the 
respiration rates of maize grain stored 46 months 
at 0° and 20^0 and four levels of moisture and 
oxygen 
Storage 
oxygen. Qio values at indicated moisture 
0 2 4 8 
0 0.8 1.2 1.2 1.2 
5 1.0 1.5 1.5 1.3 
20 1.1 1.3 1.0 1.4 
100 1.2 1.2 1.7 1.4 
Avg. 1.02 1.30 1.25 1.32 
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(67). The Q20 values ranged from 0.8 to 1,5 and fell below 
those expected for enzymatloally controlled reactions, even 
at 8^ moisture. 
The levels of CO2 measured within the tubes are shown 
in Table 4 and ranged from a low of 0,11^ {.k% moisture, 
O2, 46 months of storage at 0°C) to a high of 0,94^ (8^ mois­
ture, 100# O2, 46 months of storage at 20°C) and were very 
low considering the long storage period. A comparison of the 
CO2 percentages at 0° and 20°C showed little or no increase as 
storage time increased from 20 to 46 months. After 46 months 
of storage at 0®C, oxygen percentages of 0.0 to 0,8 were found 
at the 0% O2 storage level, 4.9 to 5.9 at the level, 19,9 
to 21.2 at the 20^ level, and 88,4 to 97.8 at the 100# level. 
Similar results were found for samples stored at 20°C, indi­
cating little change from the initial oxygen atmosphere after 
46 months of storage. 
Experiment 2 
In Experiment 2, 20 g samples of maize grain were sealed 
in glass tubes with approximately 60 ml of gas mixture. Drying 
to the lower moisture levels again appeared to stimulate the 
respiration rate (Table 6), Wetting the seeds with 25# Clorox 
(1.25# sodium hypochlorite) or distilled water before the high 
vacuum drying at 50°C also elevated CO2 production. The rates 
generally were high compared to the rates found in Experi­
ment 1 with longer storage periods, CO2 evolution from 
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Table 6, Average CO2 evolution rates of live and dead, 
sterile maize grain stored 12 months at 30°C; five 
levels of moisture, and 21^ 0?; results are 
reported as R (/tl C02/kg d wt/day) and are the 
averages of four replications 
Initial Takedown 
25^ Clorox, 
Propylene oxide 
moisture, moisture, vapor, 48 hr. 
% : % None 1 minute (dead and sterile) 
1.0 2.1 45.6 53.7 46.2* 
2.2 2.8 72.5 100.5 63.0* 
2.6 2.7 58.5 85.2 47.4 
4.2 4.6 16.7 29.5* 
za 21a 
Avg. - - 42.9 65.1 44.1 
^Average of three replications. 
^Average of two replications. 
dead, sterile seed followed the same pattern as respiration 
of the live seed and the CO2 production rates were not sig­
nificantly different in the two treatments. Table 7 shows a 
comparison of the respiration rates at two moistures and three 
treatments. The highest rates were observed at the low mois­
ture level and a 30 second treatment with a 25^ Clorox solution 
or distilled water and subsequent vacuum drying at 50°C greatly 
increased the respiration rate. Seed killed by various heat 
treatments or with propylene oxide vapor showed varying rates 
of CO2 evolution. The CO2 production rate for seed killed 
with propylene oxide was again not different from that of the 
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Table 7. Average CO2 evolution rates for live and dead, 
sterile maize grain stored 135 days at 30°C; 21% 
O2» and two moisture levels; results are reported 
as fi (/tl C02/kg d wt/day) and are the averages 
of four replications 
Prestorage B at indicated moisture 
treatment 1.9 10.3 
174.9* 
202.4b 
239.7* 
184.0 
95.1® 
90.1 
127.2 
164.8 
^Average of three replications. 
^Average of two replications. 
®5^ germination. 
^Seeds dead and sterile. 
None 273.7 
30 seconds, 25J^ Clorox 351.0 
30 seconds, water 336.7 
1 hr., 80OCO 
2 hr., 80°C^^ 
1 hr., 105°cd 
2 hr., 105°ca 
48 hr., propylene oxide vapor* 
live seed. 
Experiment 3 
The results of Experiment 3 are shown in Tables 8 to I6 
and in Figures 8 to 12. 
After 60 days storage at 30°C (Table 8 and Figure 8), 
seed at 1.4^ moisture had higher average respiration rates 
than seed stored at 2.4 and k,k% moisture. The very high 
rates observed initially at 1.4# moisture (Table 8) dropped 
rapidly during the first 40 days of storage. The respiration 
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Table 8, Bespiration of maize grain stored at various 
oxygen and moisture percentages at 30®C (R =/ul 
COg/kg d wt/day; each R represents an average 
of three replications) 
Initial 
moisture, Oxygen, R at days Indicated 
% % 10 20 40 60 So 100 
1.4 0 
20 
100 
90.0 
97.4 
83.7 
55.9 30.9 
38.9 
39.9 
27.4 
33.0 
36.9 
— — — — 
2.4 0 
20 
100 
30.5 
43.7 
34.9 
24.8 
32.3 
33.1 
26.3 
32.7 
35.1 
18.9 
24.2 
28.0 
17.0 
23.7 
28.2 
15.1 
21.2 
27.9 
4.4 0 
20 
100 
41.0 
ti\i 
31.2 
43.1 
37.2 
28.9 
36.6 
44.3 
23.8 
31.2 
35.5 
19.0 
28.9 
37.7 
16.6 
27.0 
36.9 
8.7 0 
20 
100 
50.5 
69.0 
81.6 
54.9 
60.1 
76.2 
53.2 
65.1 
91.5 
43.1 
52.2 
67.1 
40.2 
52.1 
70.4 
Hi 
71.1 
12.6 0 
20 
100 
124.3 
138.5 
185.3 
108.4 
129.9 
159.2 
121.0 
156.7 
203.5 
93.9 
119.4 
158.3 
88.2 
113.7 
156.1 
82.5 
125.0 
161.5 
rate Increased as the seed moisture was Increased from 2,4 to 
12,6% at both 15^ and 30°C (Tables 8 and 9 and Figure 9) and 
Figure 10 shows that the same general relationship was main­
tained over the course of the experimental period. The effect 
of moisture on the respiration rate was found to be highly 
significant at 15° and 30°C, as was shown by analysis of vari­
ance (Tables 10-12), Moisture had no apparent effect on CO2 
Figure 8. Average respiration rates of maize grain after 
60 days storage at 30°C, five moisture per­
centages and three levels of oxygen 
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Table 9. Respiration of maize grain stored at various 
moisture percentages, 21^ O2 and 15°C (R = /i.1 
C02/kg d wt/day; each R represents an average 
of three replications) 
Moisture, R at days indicated 
% 10 20 40 60 80 100 
ZA 23.1 15.7 14.8 10,8 8,3 7.7 
4.4 24.4 17.4 15.1 11*6 8,8 7.0 
8.7 34.5 25.9 20,4 15.6 14,5 13.4 
12,6 44.2 33.7 26.7 20,3 18,1 15.6 
evolution from dead, sterile seeds at either storage tempera­
ture, as shown in Tables 13 and l4 and Figures 11 and 12, 
Analysis of variance (Tables 15 and I6) showed that the seed 
moisture content did not significantly influence CO2 evolution 
rates in dead, sterile seeds. 
Temperature greatly increased the rate of respiration at 
any one moisture level and also increased the effect of mois­
ture on the respiration rate (Figure 9), Table 9 shows res­
piration rates at 15°C and Figure 9 presents a comparison of 
respiration rates at 15° and 30°C, 21% O2» and after 10 and 
100 days of storage. As shown in Table 8, the rate increased 
almost three times between 8,7 and 12.6% moisture after 100 
days of storage at 30°C and 21% O2. At 15°C, the rate in­
crease with increasing moisture from 8.7 to 12.6% was less 
Figure 9: Average respiration rates of maize grain after 
10 and 100 days storage at 30° and 15°C, four 
moisture percentages, and ZVfô O2 
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Figure 10. Changes in the average respiration rate with 
time for maize grain stored at 30°C, Z\% O2, 
and varying moisture percentages 
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Table 10. Analysis of variance of results presented in 
Table 8 
Source of variation d.f. M.S. P 
Moisture 4 71,540.242 336.556* 
Atmosphere 2 6,218.996 29.257* 
Moisture x atmosphere 8 2,218.996 10.327* 
Error (a) 30 212.565 
92.784a Time 3 5,222.683 
Moisture x time 12 1,195.609 21.241* 
Atmosphere x time 6 246.103 4.372a 
Moisture x atmosphere x time 24 50.172 0.891 
Error (b) 90 56.288 
^Significant at the .01 level of probability. 
Table 11. Analysis of variance of results presented in 
Tables 8 and 9 
Source of variation d.f. M.S. P 
Temperature 1 73,332.626 3,365.384* 
Moisture 3 24,235.827 1,112,232* 
Temperature x moisture 3 14,584.637 669.319* 
Error (a) 16 21.970 
Time 5 1,754.884 142.848* 
Temperature x time 5 129.197 10.517* 
Moisture x time 15 56.573 4.605* 
Temperature x moisture x time 15 76.945 6.263* 
Error (b) 80 12.285 
^Significant at the .01 level of probability 
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Table 12. Analysis of variance of results presented in 
Table 9 
Source of variation d.f. M.S. F 
Moisture 3 678.208 212.401* 
Error (a) 8 3.193 
Time 5 724.081 151.244* 
Moisture z time 15 17.531 3.662®-
Error (b) 40 4.788 
^Significant at the .01 level of probability. 
than 1.2 times at 21^ O2 after 100 days of storage. Figure 
12 and a comparison of Tables I3 and 14 show that CO2 evolu­
tion from dead, sterile seeds also increased with temperature. 
Temperature had a highly significant influence on the respira­
tion rate (Table 11) and Table 16 shows that temperature sig­
nificantly increased the rate of CO2 evolution from dead, 
sterile seeds. The respiration rate increased much more 
rapidly with increasing moisture at 30°C than at 15°C. This 
difference is emphasized by the significant moisture by 
temperature interaction shown in Table 11. The moisture by 
temperature interaction, however, was not significant for 
dead, sterile seeds (Table 16). Q-j.q values were calculated 
for the CO2 production rates of live and dead, sterile seed 
samples of comparable moisture percentage, and are shown in 
Table 17. The values were calculated for the 15°C temperature 
interval from 15° to 30°C with the relationship: 
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Table 13. CO2 evolution from dead, sterile maize grain 
stored at various oxygen and moisture percentages 
at 30°C (R = /^1 C02/kg d wt/day; each datum 
represents an average of three replications) 
Moisture, Oxygen, B at days indicated 
% % 20 40 5Ô 
1.6 0 84.5 51.3 27.8 
21 130.1 64.3 53.4 
100 118.2 89.4 95.3 
7.8 0 72.7 44,7 29.8 
21 85.0 53.1 44.2 
100 79.7 65.2 45.2 
13.0 0 76.5 37.6 28.4 
21 142.3 55.7 55.5 
100 117.5 61.3 59.1 
Table 14. CO2 evolution from dead, sterile maize grain 
stored at various moisture percentages, 21% O2» 
and 15 C (B = A<1 C02/kg d wt/day; each datum 
represents an average of three replications) 
Moisture, 
% 
B at days indicated 
20 4o 80 
1.6 41.2 28.8 21.1 
7.8 31.3 18.2 10.9 
13.0 45.5 19.5 10.1 
Figure 11, Average rates of CO2 evolution from dead, 
sterile maize grain of varying moisture 
percentages stored 4-0 days at 30°C and three 
levels of oxygen 
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Figure 12. Average rates of CO2 evolution from dead, 
sterile maize grain of varying moisture 
percentages after storage for 20, 40, and 
80 days at 15° and 30°C and 21^ oxygen 
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Table 15. Analysis of variance of results presented in 
Table 13 
Source of variation d.f. M.S. F 
Moisture 2 3,145.238 3.121 
Atmosphere 2 7,410.800 7.354a 
Moisture x atmosphere 4 855.950 0.849 
Error (a) 18 1,007.782 
Time 2 21,074.253 79.415* 
Atmosphere x time 4 770.925 2.905b 
Moisture x time 4 798.493 3.009° 
Moisture x atmosphere x time 8 249.809 0.941 
Error (b) 36 265.368 
^Significant at the .01 level of probability. 
^Significant at the .05 level of probability. 
Table 16. Analysis of variance of results presented in 
Tables 13 and 14 
Source of variation d . f .  M.S. F 
Moisture 2 1,356.681 2.495a 
Temperature 1 34,494.049 63.428* 
Moisture x temperature 2 402.532 0.740 
Error (a) 12 543.828 
Time 2 11,455.814 32.259* 
Moisture x time 4 530.957 1.495 
Temperature x time 2 2,893.123 8.147* 
Moisture x temperature x time 4 243.304 0.685 
Error (b) 24 355.118 
^Significant at the .01 level of probability. 
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Table 17. Temperature coefficients (Qiq) calculated for the 
respiration and CO2 evolution rates of maize after 
varying storage time at 15° and 30®C and 21% O2 
Moisture, Qip value after storage time indicated 
% 10 20 40 60 80 100 
2.4 1.55 1.58 1.69 1.69 2.00 2.00 
4.4 1.72 1.83 1.80 1.93 2.21 2.46 
8.7 1.58 1.75 2.16 2.23 2.34 2.25 
12.6 2.16 2.46 3.25 3.26 3.86 4.00 
Dead, sterile seed 
1.6 2.15 1.70 1.86 
7.8 1.94 2.04 2.54 
13.0 2.14 2.01 3.11 
where the 
Qio " (Qx) 
calculated 
10/x 
« 
for any 
(2) 
temperature interval 
X .  The temperature coefficients ranged from 1.55 to 4,00 and 
were found to vary with moisture, as was reported by Bagai and 
Loomis (67) for respiration of maize at moisture levels great­
er than lk%. Temperature coefficients also showed some vari­
ation with increasing storage time. The values obtained 
fall within the range expected for respiration and enzymat-
ically controlled reactions. Q^q values for dead, sterile 
seeds ranged from I.70 to 3.11. The variation in Qiq values 
shown in Tables 5 and 17 is explained by the storage periods 
which were 100 and 1400 days. Although the grain still ger­
minated around 90% after 1400 days, its physiology was obvious­
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ly affected. 
The effects of different levels of oxygen on the res­
piration rate are shown in Table 8 and presented graphically 
in Figure 8, Figure 8 shows that increasing oxygen increased 
the respiration rate at all levels of moisture, and this effect 
was maintained throughout the course of the experiment. The 
effect of oxygen on the respiration rate was statistically 
significant (Table 10). Increasing oxygen also significantly 
increased the rate of CO2 evolution from dead, sterile seeds 
(Table 15). This effect is shown especially well in Figure 
11, where the rate increased with increasing oxygen, although 
the effect of moisture was variable. The rate nearly doubled 
with increasing oxygen from 0.0 to 21.%, A much smaller in­
crease occurred with increasing oxygen from 21 to 100^. The 
interaction between moisture and atmosphere proved to be sig­
nificant for seed respiration. Figure 8 shows that a signi­
ficant interaction might be expected because the response to 
increasing oxygen was not the same at all levels of moisture. 
The interaction of moisture and atmosphere was not significant 
for CO2 evolution from dead, sterile seeds. 
The effect of increasing the storage time, and in con­
junction with it, increasing CO2 and decreasing oxygen, is 
shown graphically in Figures 10 and 12, and was evaluated 
statistically by each of the five analyses of variance 
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(Tables 10-12 and 15 and l6).] The CO2 evolution rate decreased 
with increasing time of storage and the effect of this para­
meter on CO2 production was highly significant in each of the 
analyses. The interactions of moisture by time and atmosphere 
by time for respiration of live seed were significant at the 
0,01 level of probability, as shown graphically in Figure 10 
where the effect of time was not the same at each level of 
moisture. Table 11 shows also that the interactions of temper­
ature by time, moisture by time, and temperature by moisture 
by time were all significant. These effects are best shown 
in Figure 9 where data for two time periods, two temperatures 
and four moistures are shown. The effects of moisture and 
also the effects of temperature were different with increasing 
storage time. Atmosphere by time and moisture by time inter­
actions were significant at the 0.05 level of probability for 
CO2 evolution from dead, sterile seed (Table 15). Because of 
the large variation between samples (note the large statisti­
cal error term for dead, sterile seed in Table 16 and the com­
paratively small error obtained with live seed in Table 11) 
it is difficult to determine if the interaction represents a 
true effect or if it can be attributed to random variation at 
the different levels of treatment. The interaction of temper­
ature with time was shown to be significant at the 0.01 level 
of probability in Table I6. Figure 12 presents the results 
obtained at 21^ O2, 15° and 30°C with three levels of moisture 
68 
and three time periods. Prom this graph, it appears probable 
that the moisture by time interaction at the 30°C storage 
level was significant because of the elevated values found 
at 2.4 and 12.6# moisture after 20 days of storage. This 
same result could also cause the temperature by time inter­
action to be highly significant, as the response to time was 
not the same at the two levels of temperature. 
Deterioration of Seeds 
Analyses of membrane stability 
Measurement of the total quantity of materials extracted 
from maize grain and the electrical resistance of the steep-
water, although somewhat variable, generally were correlated 
with viability and seedling vigor. The effects of time and 
temperature were studied to determine the steeping conditions 
which gave the highest correlation between resistance or total 
extracted materials, and viability and vigor measurements. 
The results in Table 18 show that the resistance of the 
water after steeping for 0,5 hours at 5Q°C was not correlated 
with germination, Besistance measurements after longer 
periods of soaking at room temperature did correlate signifi­
cantly with germination. The results in Table 19 show that 
extracted material after steeping 24 hours at was not 
significantly correlated with percentage germination of with 
radicle elongation. However, resistance was correlated slg-
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Table 18, Correlation between germination of maize grain 
and the steepwater resistance 
Steeping conditions 
Germination, 0.5 hr. 17.5 hr., 41.5 hr.. 
Sample % 50° C room temp. room temp. 
ohms/g ohms/g ohms/g 
2 0 322 72 35 
4 98 364 234 126 
8 100 345 270 159 
16^ 0 598 120 45 
X 100 869 575 449 
6 0 473 9.0 47 
16 0 305 107 48 
RT 100 397 257 166 
Ck 100 415 276 211 
ra 0.160 0.763^ 0.718b 
a-r represents the simple correlation coefficients between 
per cent germination and steepwater resistance in ohms per 
gram of seed. 
^Significant at the 0.05 level of probability. 
nificantly with germinability and vigor evaluations after 
soaking 15*5 or 24 hours at 50°C or 14 hours at room temper­
ature. Soaking at 50®C reduced the solution resistance to a 
very low level and greatly reduced the magnitude of the dif­
ferences between seeds of high and low germination. When 
seeds were soaked at for various times (Table 20), the 
differences between seed lots of high and low germination were 
considerably greater. A soaking time of 12 hours at this 
temperature was too short, but longer soaking periods resulted 
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Table 19. Correlations between germination and vigor of 
maize grain and gravimetric and resistance 
measurements after steeping 
Germin­ Badicle Steepine conditions 
ation, length. 24 hr. 15.5 hr. 24 hr. 14 hr. 
Sample % mm 50^0 50OC 50OC room temp 
mg/g ohms/g ohms/g ohms/g 
1 98 35 2.91 47 38 115 
2 100 66 2.56 67 40 184 
3 100 62 2.49 67 35 199 
4 100 64 2.60 41 34 174 
5 0 0 4.40 23 23 57 
6 98 30 1.97 49 30 172 
7 100 60 2.53 47 39 209 
8 0 0 2.08 27 29 95 
9 0 0 3.34 31 28 78 
-0.524 0.824^ 0,814b 0.878% 
4 -0.434 0.836% 0.852% 0.921% 
^r~ is the simple correlation coefficient between per­
centage germination and steepwater resistance in ohms, or 
milligrams of extract per gram of seed. 
^Significant at the 0.01 level of probability. 
®rp is the simple correlation coefficient between rad­
ical length and steepwater resistance in ohms, or milligrams 
of leachate per gram of seed. 
in very high correlations, and the correlation remained high 
even after immersion times up to 72 hours. Washing the seed 
to remove external electrolytes associated with the pericarp 
gave correlations of 0.97 and 0.99 with germination and 
radicle elongation, indicating that the presence of solutes 
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Table 20, Heslstanoe measurements after steeping maize 
grain for various times at 
Germin- Hadicle 
ation, length, Ohms/gram for times indicated 
Sample % mm 12 hr. 24 hr. 36 hr. 48 hr. 72 hr 
1 98 35 578 462 385 317 163 
2 100 66 477 438 402 372 261 
3 100 62 432 391 351 313 213 
4 100 64 399 346 322 287 194 
5 0 0 412 265 190 136 64 
6 98 30 419 297 259 154 
7 100 60 518 414 381 249 
8 0 0 414 264 201 158 85 
9 0 0 417 286 204 156 81 
0.298 0.858* 0.914* 0.911* 0.884* 
rr 0.347 0.804* 0.908* 0.937* 0.974* 
143 12 421 337 277 233 138 
144 0 413 300 244 206 123 
233 
234 
0 416 316 257 215 138 
0 424 325 268 215 125 
261 12 473 344 264 216 126 
262 0 419 308 247 199 114 
353 
354 
0 423 
28^ 
252 207 109 
0 373 222 183 102 
381 0 414 307 254 193 109 
382 4 458 334 255 211 117 
471 0 436 308 239 193 108 
472 0 393 283 220 183 98 
-1 0.524® 0.832* 0.888* 0.899* 0.861* 
®Tg is the simple correlation coefficient between per­
centage germination and steepwater resistance. 
br^ is the simple correlation coefficient between rad­
ical length and steepwater resistance. 
®rg is the simple correlation coefficient between per­
centage germination and steepwater resistance for the com­
bined samples 1-9 and 143-472. 
^Significant at the 0.01 level of probability. 
^Significant at the 0.05 level of probability. 
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on the siiTface of the grains reduced the sensitivity of the 
test. Inclusion of a series of samples of low germinability 
did not reduce the significance or the magnitude of the cor­
relation coefficients appreciably. The results of Table 21 
show that resistance was not correlated with germination or 
seedling height for a series of seed lots of high germinabil-
ity. Table 22 shows results similar to those of Table 21 ex­
cept that the last four samples appear to have had slightly 
reduced vigor as indicated by the average seedling height. A 
significant correlation between resistance and vigor was found 
for this series of samples, although no significant correla­
tion was found between percentage germination and solution 
resistance. 
Transaminase assays 
The results from the transaminase assays indicate that 
glutamic-pyruvic transaminase activity (GPTA) and glutamic-
oxalacetic transaminase activity (GOTA) decrease as seed 
viability declines. The growth analyses used to compare 
viability with transaminase activity were the percentage 
germination and the percentage of normal seedlings after 4 
days at 30°C, Germination, as defined by Evenari (25), was 
considered to cease with protrusion of the root and further 
enlargement was considered to be due to growth. Geimination 
and growth were thus separated into two physiologically dif-
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Table 21. Resistance of the steepwater from maize grain 
soaked 48 hours at 5O0 
Germination, Average seedling 
Ohms/g Sample % height, mm 
371 86 145.9 794.7 
372 84 165.3 977.3 
251 64 178.1 727.3 
252 56 172.8 806.7 
131 92 152.2 955.4 
132 96 157.4 964.0 
2 92 169.4 1080.6 
4 96 159.6 1212.3 
401 84 148.3 861.1 
402 92 157.9 967.7 
281 88 155.4 998.6 
282 92 176.8 850.7 
161 92 168.3 934.1 
162 96 177.3 674.3 
3 100 158.9 919.1 
5 100 161.2 1124.6 
431 96 160.1 660.7 
432 156.8 873.3 
311 88 155.9 791.8 
312 88 152.9 917.6 
191 92 159.4 793.1 
192 100 156.7 1013.5 
8 92 166.9 1047.8 
33 96 168.6 1381.1-
461 96 158.9 951.8 
462 92 159.4 1264.0 
341 80 147.1 945.2 
. 342 92 147.7 1111.6 
221 84 163.3 1011.3 
222 96 152.5 1046.1 
86 96 164.3 1002.6 
88 100 180.6 1081.5 
0.370 
-0.054 
is the simple correlation coefficient between per­
centage germination and steepwater resistance. 
^rg is the simple correlation coefficient between average 
seedling height and steepwater resistance. 
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Table 22. Beeistance of steepwater from maize grain soaked 
48 hours at 
Germination, Average seedling 
Ohms/g Sample % height, mm 
13 100 271.0 726.5 
15 96 269.0 1008.5 
25 100 280.0 1167.1 
39 100 262.0 948.8 
26 92. 265.0 1079.3 
60 100 278.0 1175.6 
64 100 281.0 1266.9 
82 100 257.0 1114.4 
211 96 255.0 826.1 
212 96 258.0 825.3 
213 92 254.0 944.2 
214 96 257.0 731.2 
4 0.283 
0.628® 
^r^ is the simple correlation coefficient between per­
centage germination and steepwater resistance. 
^r» is the simple correlation coefficient between aver­
age seedling height and steepwater resistance. 
^Significant at the 0.05 level of probability. 
ferent processes. This was done because some of the seed 
samples used in this study had high germination percentages 
but very low numbers of normal seedlings. Seeds may be ex­
pected to show some enzymatic activity as long as they are 
capable of germination, even though normal growth is no longer 
possible. 
The data shown in Table 23 were obtained from seed 
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Table 23. Viability of maize grain lots of differing 
germination percentages 
Sample Normal Eadiele Average Average 
no. seedlings Germination elongation GPTA GOTA 
% % mm juM pyruvate/embryo 
5 0 0 0.0 0.00 0.00 
6 0 0 0.0 0.00 0.00 
12 0 0 0.0 0.00 0.00 
15 0 0 0.0 0.80 1.34 
4 16 90 0.9 1.13 1.54 
1 20 36 1.0 1.52 1.95 
3 20 88 0.1 2.16 1.99 
2 54 94 0.9 2.50 2.24 
7 60 100 2.7 1.45 1.56. 
11 66 98 2.3 2.82 2.84 
16 78 100 3.6 1.88 2.24 
17 88 98 4.0 2.04 2.52 
8 85 100 6.7 1.57 1.22 
14 94 100 3.1 1.72 2.26 
9 96 100 2.8 1.82 3.00 
samples of varied genetic backgrounds and storage histories 
and tend to be variable. Transaminase activity was still 
present in sample number 15, even though no germination 
occurred. Enzyme activity declined with germination, although 
some samples of low germinability and vigor showed high enzyme 
activities. Correlation coefficients (Table 24) were calcu­
lated for the various methods of evaluating viability and 
vigor. GOTA was significantly correlated with percentage of 
normal seedlings, and GPTA was correlated at the 0.05 level • 
with percentage germination. No correlation was found between 
transaminase activity and vigor as evaluated by radicle 
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Table 24. Simple correlation coefficients of viability 
evaluations 
Normal 
seedlings 
Germin­
ation 
Hadicle 
elongation 
Average 
GPTA 
Average 
GOTA 
Normal 
seedlings 1.000* 
Germination .730* 1.000* 
Radicle 
elongation .797* .544% 1.000* 
Average GPTA .403 .564% .097 1.000* 
Average GOTA .529* .391 .001 .703* 1.000* 
^Significant at the .01 level of probability. 
^Significant at the .05 level of probability. 
elongation. The data of Table 25 were obtained with a series 
of com samples obtained from Dr. Don Grabe. This corn was 
from a single lot which had been separated into sublots and 
stored 4 years at different moistures in three types of com­
mercial storage. Transaminase enzyme activities and resist­
ance of steepwater in ohms per gram, after soaking washed 
seed 48 hours at 5°C, all decreased as percentage germination 
and percentage normal seedlings decreased. Sample number 714 
which had zero germination still showed some residual trans­
aminase activity. The correlation coefficients calculated 
from the data of Table 25 are shown in Table 26. Enzyme 
Table 25. Viability evaluations on maize grain samples which were genetically 
uniform and naturally deteriorated 
Sample Normal Radicle Steepwater Average Average 
no. seedlings Germination elongation resistance GPTA GO TA 
% % mm ohms/g jiM pyruvate/embryo 
714 0 0 0.0 656 0.60 0.14 
718 0 14 0.2 696 0.78 0.44 
711 2 37 0.2 771 1.48 0.70 
708 42 92 3.5 939 2.00 0.90 
715 56 97 4.3 876 1.46 0.72 
724 64 97 4.3 1038 1.94 1.24 
721 67 95 3.7 974 1.86 1.32 
701 67 98 5.6 1042 1.83 1.36 
709 68 99 4.5 1238 1.90 1.31 
720 76 97 5.8 1200 1.98 1.34 
704 79 97 4.6 1262 2.14 1.29 
705 80 99 5.2 1139 1.76 1.30 
Table 26, Simple correlation coefficients of viability evaluations 
Normal Badicle Steepwater Average Average 
seedlings Germination elongation resistance GPTA GOTA 
Normal 
seedlings 1.000* 
Germination .938* 1.000* 
Badicle 
elongation .965* .940* 1.000* 
Steepwater 
resistance .900* .825* .901* 1.000* 
Average GPTA .835* .970* .813* .843* 1.000* 
Average GOTA .909* .865* .874* .892* .902* 1.000* 
^•Signifleant at the ,01 level of probability. 
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activity and steepwater resistance were found to be signifi­
cantly correlated with all viability and vigor measurements. 
80 
DISCUSSION 
Seed Respiration 
The data on the effect of 50°C temperature on the CO2 
production rates of low moisture maize grain (Table 2) indi­
cate that low moisture does not influence respiration rates to 
the extent that higher levels have been shown to influence it 
(1, 42, 67, 68), Increasing oxygen caused greater increases 
in the COg production by seeds stored at 50°C than was ob­
served with seed stored at 20° and 0°C. Much of the seed at 
the 50°C storage level was dead and most of the COg would have 
been produced by autooxidation rather than respiration, Ching 
(14) reported that CO2 production continued in moist dead 
seeds. The highest COg levels were found with the samples 
which had zero percent germination and it appears probable 
that the high CO2 concentrations found after storage at 50°C 
relative to those after storage at 20° and 0°C (Table 4), were 
due to a higher rate of respiration at the higher temperature 
while the seed was alive, and to continued COg evolution from 
the dead seed. 
The respiration rates for dry maize grain stored at 0° 
and 20°C (Table 3) did not show the typical responses obtained 
with grain at normal storage moistures, which are an exponen­
tial increase in respiration rate with increasing moisture and 
an approximate doubling of the respiration rate with each 1^ 
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increase in moisture content. Higher rates of CO2 evolution 
in this research were consistently observed at the lowest 
moisture levels, 7$ and less. Results of Green (33) indicate 
reduced seedling vigor for seed dried at 50°C under high 
vacuum to very low moisture levels, even though germinability 
was unaffected. Reduced vigor indicates seed injury and sev­
eral workers (2, 3» 15) have observed higher respiration rates 
in damaged seeds. The high rate could be due to seed injury 
caused by drying or to the production of labile, autooxidiz-
able compounds. Generally, respiration rates were found to 
be very low and to decrease with storage time. 
The CO2 percentages within the tubes after 46 months 
storage at 0° and 20°C did not exceed The data show 
little or no increase, and in some cases a decrease, in the 
CO2 concentration with increasing storage time from 20 to 46 
months. Simpson (72) attributed reduced respirometer pres­
sures, low respiratory quotients, and low concentrations of 
CO2 observed with cotton seed stored in CO2, air, and oxygen, 
to CO2 absorption. Ching (14) and Hyde and Oxley (39) also 
attributed low R. Q. values to CO2 absorption. Respiratory 
inhibition by CO2 is another possible explanation. Several 
workers (39, 56, 64, 68) have reported that CO2 appears to 
inhibit the respiration rate. The amount of CO2 required for 
inhibition depends on the seed moisture content and the level 
of oxygen in which it is stored. Peterson et ad. (64) found 
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that CO2 concentrations up to 13.8# had little effect on the 
respiration rate of wheat at 18^ moisture if oxygen was main­
tained at 21/^, Bamstad and Geddes (68), however, found that 
2,2% CO2 reduced the respiration rate of wheat at 15.1^ mois­
ture. The CO2 in the storage tubes may have been at levels 
inhibitory to seed respiration at the moisture levels used 
here. Even though the concentration of CO2 in the tubes was 
low, it increased with seed moisture and storage oxygen con­
tent. 
No accurate determinations of respiratory quotients were 
possible with the results obtained from previously stored 
samples (Table 4). Assuming that the tubes at the 20^ O2 
level were accurately filled, the H. Q, values appeared to 
fall considerably below 0,5 after storage for 20 and 46 months 
at 0° and 20°C, results similar to those reported by Ching 
(14) for stored forage seeds. Ching*s results, however, 
showed increases in CO2 concentration with increasing storage 
time up to 10 years. Low apparent respiratory quotients could 
be accounted for by CO2 absorption or by excessive uptake of 
oxygen through chemical oxidation of various compounds, such 
as lipids or carotenolds, present in the seed. The gas 
chromâtograph, used in the later experiments, was capable of 
giving results accurate to two figures with an approximation 
of the third. In our analyses, however, CO2 results were less 
than 1% and O2 results were 20^ or greater. Thus, the data 
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for oxygen consumption were not accurate in the 0,1% range 
necessary for H. Q. calculations. 
A comparison of the effects of temperature (Table 3) 
shows that some rates at the higher moisture doubled with a 
20°C temperature increase. This is about half the expected 
increase indicated by the results of Bailey (2) and others 
(15i 67). A possible explanation is that inhibitory levels 
of COg limited respiration and that inhibition occurred first 
with the higher respiratory rates at 20°C. 
Carr (13), in his review of environmental influences on 
plants, lists many references showing that high concentrations 
of oxygen were toxic to plant tissues. Table 3 and Figures 3 
and 5 indicate that high levels of oxygen inhibited seed res­
piration. Inhibition was observed only after 46 months stor­
age and at the higher moisture levels. The results show that 
the inhibitory or toxic effect of high oxygen concentrations 
depends on the seed moisture content, since no respiratory 
inhibition was observed at the lower moisture levels. 
The lowest concentrations of COg and the lowest rates 
were generally found with seed stored at 0 (99.98^ Ng) and 
O2. It is assumed that the seed stored in 0% oxygen produced 
CO2 by anaerobic processes. Simpson (72) also found less CO2 
where cottonseed was stored in nitrogen. High germination was 
found in all maize grain samples stored at 0° and 20°C, indi­
cating that aerobic respiration was not required to maintain 
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the viability of maize stored nearly 4 years at moistures up 
to 8%, 
Fungal contamination is always a problem when attempting 
to determine the true respiration rate of seeds. Autooxida-
tion was also assumed to contribute to the CO2 found in the 
respirometers. Seeds were killed and sterilized with pro­
pylene oxide vapor or by heat in an attempt to determine the 
amount of CO2 produced by autooxidation. Surface steriliza­
tion was used in an effort to determine the amount of CO2 con­
tributed by externally located microorganisms. It was hoped 
to obtain a value near the true respiration rate by subtract­
ing values for fungal respiration and autooxidation from the 
total amount of CO2 given off by untreated seed. The results 
(Table 6) indicate that these parameters are very difficult 
to determine, since any sort of aqueous treatment tended to 
increase the respiration rate markedly, Bagai and Loomis (67) 
showed that rewetting maize increased the respiration rate. 
For this reason, it was deemed desirable to dry the seed rapid­
ly to avoid large changes in the moisture content. Non­
aqueous surface sterilants such as alcohol or chloroform might 
prove superior to aqueous ones; however, there is always the 
problem of rapid penetration and embryo injury which could 
offset the desired effects. CO2 produced by dead, sterile 
seed (Tables 6 and 7) varied with the method of sterilization. 
In Table 6, the rate of CO2 production by dead seeds, in some 
I 
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cases, exceeded the rate for live seeds. The compounds and 
processes involved in the production of CO2 in dead seeds are 
not known, so it is impossible to determine what influence the 
various killing methods had on CO2 evolution from the seed. 
The results of Experiment 3 show conclusively that low-
moisture maize grain and associated microorganisms had a mois­
ture dependent respiration rate which increased exponentially 
from 4 to 12,6% moisture, Foley (private communication) be­
lieves that microorganisms associated with maize grain would 
not contribute significantly to the CO2 produced by very dry 
seeds. Also, the respiration rate did not double with each 1% 
increase in moisture. Respiration rates at 1,4# moisture were 
higher than those at 2.4# and 4,4#, Moisture had no effect 
on CO2 production by dead, sterile maize as might be expected 
if the CO2 was produced autooxidatively. 
The effects of temperature are best shown in Table I6. 
QlO values were slightly greater than 2 after 100 days of 
storage at 21# O2. This would indicate an exponential rela­
tionship with respect to temperature explained by the equa­
tion: 
y = ae^t , (3) 
where % = CO2 production rate; a = intercept of the log curve; 
e = base of the natural logarithms; t = temperature, and b = 
slope of the log curve. The data show that temperature also 
affected the rate of CO2 evolution from dead, sterile seeds. 
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Since CO2 production in these seeds is assumed to be non-
enzymatic, it is presumed that the CO2 is produced by chemical 
reactions whose rate approximately doubles for every 10°C 
rise in temperature. 
Table 8 summarizes the effects of increasing oxygen on 
the respiration of dry maize grain. With 100 days of storage 
the respiration rate increased with increasing oxygen at all 
moisture levels. The results of Experiment 1 show that a 
reduction in the respiration rate due to high levels of oxygen 
probably could not be expected to show up until after more 
than 2 years of storage. Table 14 shows the effect of in­
creasing oxygen on dead, sterile maize, CO2 evolution rates 
increased with increasing oxygen, as would be expected if the 
CO2 is produced by autooxidative mechanisms. 
The calculated respiration rates decreased with storage 
time in both 60 ml tubes and 1 liter, mercury-sealed flasks. 
The low moisture samples, which showed an accelerated CO2 pro­
duction rate in initial measurements, decreased rapidly to a 
steady rate after 40 days (Figure 10). The higher moisture, 
samples, 8 and 12^, showed a steady decline. The rapid 
Initial decline of CO2 production in the samples dried to 
1-4^, suggests the oxidation of labile compounds formed during 
drying. The steady declines might have been inhibition by low 
levels of CO2 in the dry seeds, but such inhibition would not 
be expected by the CO2 which was maximum with 12^ mois-
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ture. Some aging effect seems the most probable explanation. 
The rate of CO2 evolution from dead seed, however, also de­
creased with time. Since the mechanism of CO2 production in 
this material is unknown, any discussion of the effect of time 
on rate would be speculation. 
Deterioration of Seeds 
The results of changes in resistance of maize grain 
steepwater as presented in Tables 18-21 show that cell mem­
branes become more permeable to ionic species as the seed 
ages and loses viability and vigor. Total material extracted, 
which would tend to include sugars, amino acids, small pep­
tides, etc., was not as good an indicator of the condition of 
the seed as ionic species. The resistance of the extract 
after short steeping times was not well correlated with 
germinability and vigor. It appears that the effect is not a 
surface one, but is dependent upon the diffusion of ions from 
a large part of the tissue. Determination of seed viability 
with tetrazolium salts shows a greater proportion of unstained 
embryonic tissue as deterioration progresses (4, 9» 44, 65). 
As seeds deteriorate, more cells would become permeable and 
ions could readily be extracted with water. Changes in solu­
tion resistance are proportional to the ionic strength and 
should give a correlation with viability under a standard set 
of conditions. Nearly all the results presented in Tables 
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18-20 show high, and highly significant correlations between 
steepwater resistance and viability and vigor measurements. 
The poor correlations obtained from the data of Table 21 might 
not be unexpected. Linko and Sogn (50) have shown that glu­
tamic acid decarboxylase activity, another indicator of viabil­
ity, was not correlated with the germination of 19 samples of 
new-crop wheat of high germination. The results in Table 22 
show that a significant correlation was present between seed­
ling height and steepwater resistance; indicating that steep-
water resistance might be developed into a sensitive test for 
detecting storage injury where no apparent reduction in seed 
germinability had occurred. 
Bapid methods of estimating viability and deterioration 
of seeds have included studies of chemical and biochemical 
changes. Green (33) followed changes in phosphorous compounds 
during deterioration, Bennett and loomis (9)» Throneberry and 
Smith (76) and others have studied hydrogenases as viability 
indicators. Burger (12) has suggested recently that trans­
aminases may serve to prime the respiratory chain essential 
in germination. Active transaminase enzymes have been re­
ported in a number of dry seeds (I7, 27, 53» and others). 
Tests of transaminase activity gave low but significant 
correlations between two enzymes and seed germination in a 
heterogenous lot of maize samples. Tests with samples from 
a lot of uniform grain which had been subdivided and sub­
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jected to varying storage conditions, gave high, and highly 
significant, correlations between enzyme activity and ger­
mination (Table 26), It may be assumed that the activities of 
other enzymes, also, will show correlations with deteriora­
tion of seeds. 
The fact that some activity remained in non-viable seeds 
indicates, as does incomplete staining with tetrazolium salts, 
that seed death is not ah all-or-nothing process but occurs by 
degrees. Evidence presented by many workers indicates that 
loss of enzyme activity, increased chromosomal aberrations, 
and losses of membrane permeability all occur more or less 
simultaneously, even with sufficient respirable substrate 
present, as a seed deteriorates. Presumably, cells capable 
of normal division and metabolism could lie adjacent to dead 
cells, and when a sufficient percentage of the cells becomes 
incapable of normal growth processes, germination of the seed 
is no longer possible. 
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SUMMARY 
The effects of moisture, oxygen, temperature, and time on 
the respiration rate of very dry maize grain have been studied. 
Some aspects of seed deterioration were considered also. 
Respiration rates increased exponentially over the mois­
ture range from about 4 to near 13^, but the response was much 
less than that reported with moisture percentages between 15 
and 25^ (67). Seed moisture contents of around Z% and below 
showed respiration rates above those observed at 4 to 5^* 
The elevated rate was assumed to be due to seed injury or to 
chemical changes caused by prolonged drying in high vacuum at 
50°C. 
CO2 percentages of less than were found in sealed con­
tainers of grain after storage times up to 46 months. Either 
low CO2 percentages inhibited the respiration of the dry seed, 
CO2 absorption became nearly equal to CO2 evolution when the 
seed was stored for long periods, or the respiration raté of 
the seed decreased much more rapidly than the decrease in 
germinability. As a parallel response, the effect of temper­
ature on the respiration rate became less marked after long 
storage periods. 
High levels of oxygen inhibited the respiration rate of 
maize grain after long storage periods. In shorter storage 
periods, CO2 production increased with O2. Increases in 
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oxygen appeared to cause a greater increase in the CO2 produc­
tion rate when maize was stored at than at lower temper­
atures; the increase was probably due to autooxidation occur­
ring after the seed was dead. Samples stored in nitrogen for 
46 months at 20°C did not have reduced germinability, indicat­
ing aerobic respiration was not required for the maintenance 
of germinability. 
Any short aqueous soaking treatment followed by high 
vacuum drying at 50°C resulted in an elevated respiratory 
rate. As much or more CO2 was produced by dead, sterile seed 
as by live seed at the lower moisture percentages. Moisture 
had no effect on CO2 evolution rates from dead, sterile seeds; 
however, rates increased with increasing oxygen, indicating 
that the CO2 was produced by autooxidation. 
Hespiration of live seed and CO2 evolution from dead, 
sterile maize approximately doubled with each 10®C rise in 
temperature. The response to increasing temperature was not 
the same at all levels of moisture. 
Steepwater resistance of maize (an indicator of membrane 
stability) was generally highly correlated with both vigor and 
viability measurements. Results with samples of high germina­
tion indicate steepwater resistance may be used to detect re­
duced vigor in samples showing high germination. 
The activity of two glutamic transaminase enzymes was 
found to be correlated with seed germinability and vigor. 
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Some activity was found in dead seeds. Indicating transaminase 
activity does not cease with germination. 
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